Background Precision treatment of cancer uses biomarker-driven therapy to individualize and optimize patient care. Objective To evaluate real-life clinical experience with biomarker-driven therapy in metastatic gastric and esophageal cancer in Israel.
Introduction
Gastric cancer is the fifth most common malignancy and the third leading cause of cancer death worldwide. Esophageal cancer is the eighth most common malignancy and the sixth leading cause of cancer death worldwide. In 2012, there were approximately 1.4 million new cases of gastric/esophageal cancers and 1.1 million deaths from these cancer types [1] .
At present, there is no internationally accepted consensus regarding standard-of-care in the 1st-line metastatic setting in gastric/esophageal cancer [2] ; except for 10-25% of patients with gastric/gastroesophageal junction (GEJ) cancer whose tumors are human epidermal growth factor receptor 2 (HER2)-positive [3] . For these patients a regimen consisting of trastuzumab plus cisplatin and fluoropyrimidine has become the standard-of-care after the phase III trastuzumab for gastric/GEJ cancer (ToGA) trial demonstrated overall survival (OS) benefit for this regimen (compared with cisplatinfluoropyrimidine alone) [4] , and the subsequent approval of trastuzumab in this setting. Most patients progress after 1st-line treatment for metastatic gastric cancer; however, only recently did evidence supporting 2nd-line chemotherapy treatment became available. A recent meta-analysis of randomized phase III trials by Kim et al. (2013) showed that 2nd-line treatment is associated with a significant reduction in the risk of death with both irinotecan (hazard ratio [HR] = 0.55, p = 0.0004) and docetaxel (HR = 0.71, p = 0.0004) [5] . Thus, despite recent advances in the treatment of these cancers and the demonstrated utility of targeted therapy in select patients, clinical outcomes are still poor and new treatment approaches are needed.
Precision treatment of cancer identifies tumor biomarkers to tailor therapeutic regimens for each individual patient by utilizing methodologies such as immunohistochemistry (IHC), fluorescence/chromogenic in situ hybridization (FISH/CISH), microarray analyses, and sequencing/next generation sequencing (NGS). In 2010, Von Hoff et al. demonstrated in their pilot study involving 66 patients with a variety of refractory cancers that in 27% of patients who received biomarker-driven treatment, such an approach led to progression-free survival (PFS) that was ≥30% longer than the last regimen on which patients progressed (before the individualized approach) [6] . Subsequently, the utility of this approach has been demonstrated in studies in specific tumor types including cancer in the breast, lung, salivary gland, esophagus, and pancreas, adenoid cystic carcinoma, thymic carcinoma, mesothelioma, and others [7] [8] [9] [10] [11] [12] .
The objectives of the current study were to describe reallife clinical experience with biomarker-driven therapy in patients with metastatic gastric or esophageal cancer, to characterize the molecular profile of these patients, and to evaluate their clinical outcomes.
Materials and Methods

Study Design and Patient Population
This multi-center retrospective study evaluated patients with metastatic gastric or esophageal cancer who were treated in the participating institutions and underwent biomarker analysis using Caris Molecular Intelligence™ (CMI) tumor profiling service (Caris Life Sciences, Irving, TX, USA) between January 2010 and March 2014. The study was approved by the institutional review boards of the participating institutions (Rabin Medical Center, Sourasky Medical Center, Rambam Health Care Campus, Hadassah Hebrew University Medical Center, and Kaplan Medical Center). All procedures performed were in accordance with the ethical standards of the institutional committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
Data Source
Information on patients' demographic, baseline characteristics, treatments received, and clinical outcomes were collected from patients' medical records. CMI results were provided by Caris Life Sciences. Progression was determined using imaging-mostly computed tomography (CT) and positron emission tomography (PET)/CT-and biomarker analyses (CA 19-9 and carcinoembryonic antigen [CEA] ). In some patients progression was determined by clinical evaluation. PFS was defined as time to progression determined as described above or death.
Key Points
Precision treatment of cancer identifies biomarkers (with methods such as immunohistochemistry, fluorescence/chromogenic in-situ hybridization, microarray analyses, and sequencing/next generation sequencing) that are used to tailor therapeutic regimens for each individual patient.
We investigated real-life clinical experience with biomarker-driven therapy in metastatic gastric/esophageal cancer (46 patients of whom 24 were evaluable for the clinical benefit analysis) and demonstrated that biomarker-driven therapy is feasible and could provide clinical benefit (defined as ≥30% longer disease-free survival after biomarker analysis vs before this analysis) for approximately 30% of patients.
Biomarker Analysis
CMI analyses were performed in Caris Life Sciences laboratories (Phoenix, AZ, USA) on paraffin-embedded tumor samples. The tumor samples were taken from either the primary tumor or a metastatic lesion. Biomarker analysis included six methodologies: IHC, FISH, CISH, microarray analysis, sequencing by the Sanger method, and NGS. The types of analyses performed and the specific biomarkers tested depended on the amount of tissue sample available (i.e., if the amount of the tumor sample was insufficient, the treating physician prioritized the analyses) and the specific timeframe in which the testing occurred. BActionable^biomarkers were defined as those predictive of response to specific commercially available chemotherapeutics or biologic agents (either indicated for gastric/esophageal cancer or not), based on the available medical/scientific literature.
The molecular analyses were performed by Caris Life Sciences laboratories, as described [13, 14] . In short, IHC analysis was performed on 1 unstained slide of 4 μm thickness from formalin-fixed paraffin-embedded (FFPE) tissue block with evaluable tumor present; FISH analysis was performed on two unstained slides of 4 μm thickness from FFPE block with at least 100 evaluable cells present and 10% tumor; and CISH analysis was performed on one unstained slide of 4 μm thickness from FFPE block with at least 20-100 evaluable cells present. Microarray analysis required an FFPE block with 20% tumor nuclei. NGS required an FFPE block or 15 unstained slides with at least 20% malignant origin. For IHC, thresholds were developed by Caris, except for HER2 where the American Society of Clinical Oncology (ASCO)/College of American Pathologists (CAP) scoring criteria are used. Clones used for the IHC analysis included: topoisomerase 1 (TOPO1;1D6), topoisomerase II alpha (TOP2A; 3F6), Her2/ Neu (4B5), excision repair cross-complementation 1 (ERCC1; 8F1), ribonucleotide reductase M1 subunit (RRM1; polyclonal), O-6-methylguanine-DNA methyltransferase (MGMT; MT23) and thymidylate synthase (TS; TS106/4H4B1). FISH analysis was used to evaluate HER-2/ neu (HER-2/CEP17 probe; HER-2/CEP17 ratio > 2.2 was considered amplified), epidermal growth factor receptor (EGFR) (EGFR/CEP7 ratio ≥ 2, or ≥15 EGFR copies per cell in ≥10% of analyzed cells was considered amplified), TOP2A (TOP2A/CEP17 ratio ≥ 2.0 was considered amplified), cMET (cMET/CEP7 ratio ≥ 5 was considered amplified), and ALK (with an Abbott [Chicago, IL, USA] probe specific for a rearrangement of the ALK locus on chromosome 2). HER2 CISH test was performed using the INFORM DUAL HER2 ISH Assay (Ventana Medical Systems, Inc., Oro Valley, AZ, USA). For cMET and TOP2A, CISH analysis was performed using a specific probe for cMET and TOP2, respectively and a probe for the pericentromeric region of chromosome 7 (Ventana). For microarray analysis, total RNA was extracted from FFPE samples and converted to cDNA, which was subjected to a whole genome (29 K) microarray analysis using Illumina (San Diego, CA, USA) cDNA-mediated annealing, selection, extension, and ligation process. The expression of a subset of 88 genes was then compared to a tissue specific normal control in order to determine the relative expression ratios of these 88 target genes. Sanger sequencing was performed for selected genes (BRAF, KRAS, EGFR, and PIK3CA), as described [14] . NGS was performed on genomic DNA isolated from FFPE tumor samples using the MiSeq platform (Illumina) as described [14] .
Statistical Analysis
Descriptive statistics were used to summarize patient/tumor characteristics, and treatments received. Kaplan-Meier analysis was used to calculate median PFS and OS. The definition and analysis of clinical benefit followed that described by Von Hoff et al. [6] . Clinical benefit of the biomarker-driven therapy was defined as ratio of ≥1.3 between the longest PFS after biomarker analysis (in any line) and the PFS on the last therapy on which the patient progressed prior to biomarker analysis (one-sided exact binomial test versus a null hypothesis of ≤15% of patients with PFS ratio ≥ 1.3 was performed at a significance level of 0.05). The analyses were performed using JMP software, version 12.0 (SAS Institute Inc., Cary, NC, USA).
Results
Patient Characteristics
In total, 46 patients with gastric or esophageal cancer, who were treated in the participating institutions, underwent biomarker analysis between January 2010 and March 2014. Baseline patient and tumor characteristics are presented in Table 1 . The majority of patients were males (60.9%), and the median age was 58.4 (range, 27-78) years. Patients varied with respect of their performance status (PS) at the time of biomarker analysis; of the 30 patients for whom PS information was available, four (13.3%) had PS 0, 15 patients (50.0%) had PS 1, six patients (20.0%) had PS 2, and five patients (16.7%) had PS of 3/4. The most common tumor site was the cardia (39.1%), and the most common histologic type was adenocarcinoma (87.0%). The majority of patients (56.5%) had poorly differentiated tumors. Approximately half of all patients (24 patients, 52.2%) underwent HER2 testing on their tissue sample from their initial biopsy/surgical resection that yielded reportable results (20 patients [43.5%] did not undergo HER2 testing, as they were diagnosed before trastuzumab was approved for this indication). Of the 24 patients for whom HER2 results were available, three (12.5%) were found to be HER2+. Less than half of all patients (43.5%) had resection of their primary tumor. Only a minority of patients received systemic chemotherapy in the adjuvant (19.6%) or neoadjuvant (23.9%) setting. More than half of the patients (58.7%) had metastatic disease at diagnosis.
Treatments in the Metastatic Setting Prior to Biomarker Analysis
At the diagnosis of metastatic disease, patients had a median of two metastatic sites (range, 1-4), with 25 patients (54.3%) presenting with multiple metastatic sites. The most common metastatic sites were peritoneum (16 patients, 34.8%), liver (13 patients, 28.3%), and bones (seven patients, 15.2%). Prior to undergoing biomarker analysis, patients in the metastatic setting were treated with 0-4 (median: 1) lines of a Based on the pathology report of their tumor following initial biopsy/ surgery HER2, human epidermal growth factor receptor 2; NOS, not otherwise specified Table 2 . These treatments reflect contemporary clinical practice for treating metastatic gastric or esophageal cancer with the vast majority (97.2%) of patients treated in the first-line metastatic setting receiving fluoropyrimidine-based therapy.
Biomarker Analysis: Findings
In the majority of patients (33 patients, 71.7%), biomarker analysis was performed on samples derived from the primary tumor. In the remaining 13 patients (28.3%), it was performed on a sample derived from a metastatic lesion (liver, four patients; peritoneum/retroperitoneum, three patients; lymph nodes, two patients, and central nervous system, chest wall, colon, and bones/joints, one patient each For biomarkers that were IHC-tested in more than 35 patients, the most commonly identified actionable biomarker (34/40, 85.0%), was low/negative TS, which is associated with response to fluoropyrimidines and other folate analogs [15] , followed by high TOPO1 (27/40, 67.5%), which is associated with response to irinotecan [16] , high TOP2A (27/41, 65.9%), which is associated with response to anthracyclines [17] , and negative/low ERCC1 (21/36, 58.3%), which is associated with response to platinum-based therapy [18] ( Table 3 ). In addition, the expression of the receptor tyrosine kinase c-MET was IHC-assessed in 12 patients, of whom 7 (57.1%) had negative/low c-MET levels, which is associated with lack of acquired resistance to the EGFR tyrosine kinase inhibitor (TKI) [19] , and the expression of class III β-tubulin (TUBB3) was IHC-assessed in six patients of whom five (83.3%) had negative/low TUBB3 levels, which is associated with response to taxanes [20] . In addition, HER2 testing by IHC was performed on 43 patients and HER2 positivity was identified in two patients (4.7%). Notably, of the three patients classified as HER2-positive in their initial workup, only one had his HER2 positivity confirmed in the current analysis, and one patient originally classified as HER2-negative was reclassified in this analysis as HER2-positive.
The most common microarray-identified actionable biomarker was overexpression of the gene coding for topoisomerase II beta (TOP2B; 10/19, 52.6%) and overexpression of the TOP2A gene (9/19, 47.4%), both of which are associated with response to anthracyclines [17] . Overexpression of the gene for proto-oncogene tyrosine-protein kinase Src (SRC) and overexpression of the gene for ephrin type-A receptor 2 (EPHA2), which are both associated with response to dasatinib [21] , were each found in 8/19 patients (42.1%).
FISH/CISH analysis was primarily used to determine HER2 status. Samples from 28 patients were tested and the 
Treatments Post Biomarker Analysis
Of the 46 patients in our cohort, 28 were treated with chemotherapy/biologic agents after receiving the analysis results. The remaining 18 patients included 11 patients who did not receive further treatment (beyond supportive care) due to rapidly progressing disease and a decline in PS (six of these 11 patients died within a month of receiving the biomarker analysis results; five patients died 1-3 months after receiving the results); one patient who opted not to be treated (received radiotherapy only); and six patients who were lost to followup. Each of the 28 patients, who were treated after receiving the biomarker analysis findings, received 1-4 lines of therapy post analysis. These treatments are listed in Table 4 . In the first line after the biomarker analysis, 27 of the 28 patients (96.4%) received biomarker-driven therapy (i.e., at least one of the agents received was consistent with the biomarker analysis findings). In the 2nd-, 3rd-, and 4th-lines of therapy after the analysis, seven of 12 patients (58.3%), four of six (66.7%), and three of three patients (100%), received biomarker-driven therapy, respectively. Treatments received included those listed in the National Comprehensive Cancer Network (NCCN) guidelines for treatment of metastatic gastric and esophageal cancers (e.g., FOLFIRI, paclitaxel plus carboplatin), as well as agents not included in the list and not currently Food and Drug Administration (FDA)-approved for gastric cancer such as cetuximab, which is approved for head and neck and colorectal cancers only, or gemcitabine which is approved for ovarian, breast, pancreatic, and nonsmall cell lung cancers.
Clinical Outcomes
Clinical outcomes were collected for all the patients who were treated upon receiving the biomarker analysis results including patients whose treatments were not biomarker-driven: one patient in the first line; five in the second line; and two in the third line. In the first line of therapy after the biomarker analysis (n = 28), five patients (17.9%) achieved a partial response (PR), five (17.9%) stable disease (SD) (i.e., a disease control rate of 35.8%), 16 (57.1%) had progressive disease (PD), and Twenty-four patients were included in the PFS ratio analysis (i.e., PFS could be calculated in the metastatic setting both pre-and post-biomarker analysis). In seven of these patients (29.2%), the ratio between the longest PFS after the biomarker analysis and the PFS on their last regimen before the biomarker analysis was ≥1.3 ( Fig. 1) . These seven patients received (after the biomarker analysis) various drugs/regimens including FOLFIRI/XELIRI (three cases), XELOX, docetaxel plus trastuzumab, and doxorubicin (one case each). Each of the agents used in these cases was biomarker-driven and all except for HER2 were identified only by IHC (Fig. 1) . A onesided exact binomial test was performed versus a null hypothesis of ≤15% of patients with PFS ratio ≥ 1.3. The test reached statistical significance (p = 0.019) and the null hypothesis was rejected. The number of treatments received for metastatic disease before biomarker analysis was similar in patients with PFS ratio of <1.3 and ≥1.3 (mean [SD] of 1.9 [0.9] and 1.7 [1.0], respectively). The median OS from diagnosis of metastatic disease (for evaluable patients who received biomarker-guided analysis; n = 27) was 569 (interquartile [IQR] range, 387-761) days (Fig. 2A) ; the median OS from the initiation of biomarker-guided therapy was 153 (IQR range, 62-257) days (Fig. 2B ).
Discussion
This study demonstrates the feasibility of implementing biomarker-driven treatment of metastatic gastric and esophageal cancers in real-life clinical practice in Israel and shows the molecular makeup of these patients. The strength of our approach lies in the combination of molecular methodologies used to identify actionable biomarkers, namely, the use of sequencing, as well as IHC, FISH, CISH, and microarray analyses. Our findings demonstrate that biomarker-driven therapy provides clinical benefit for close to a third of patients (29.2%) in a hard-to-treat population of patients and resulted in median PFS in the first-line after biomarker analysis of 129 days, median OS (from biomarker-driven treatment) of 153 days, and median OS (from diagnosis of metastatic disease) of 569 days.
The implementation of the biomarker-driven therapy as reflected in our study is consistent with the increasing use of molecular analysis of tumors in oncology. The biomarker analysis results in the current cohort are overall consistent Fig. 1 Comparison between the longest PFS after knowing the biomarker analysis findings (light gray) and the PFS on the last regimen on which patients progressed before the analysis (dark gray) in seven patients for whom the ratio between these PFS values was ≥1.3. For each patient, the regimen for the longest PFS on biomarker-driven therapy and the actionable biomarker(s) supporting this treatment selection are indicated with those in a recent study involving 230 gastric cancer specimens, in which positive TOPO1 was reported for 68% of patients, negative TS for 63% of patients, high TOP2A for 60% of patients, and negative ERCC1 for 55% of patients [23] . Also, overall, our results are aligned with findings from recent studies describing the potential benefit of biomarkerdriven therapy including studies in numerous tumor types such as pancreatic, breast, salivary gland, and others [7] [8] [9] [10] [11] [12] . This is, to the best of our knowledge, the first study evaluating the potential clinical value of biomarker-driven therapy in metastatic gastric and esophageal cancers.
Comparing the effectiveness of this approach to that of other approaches investigated in the metastatic gastric/ esophageal cancer setting by randomized clinical trials is challenging due to the small sample size and the heterogeneity in our cohort (e.g., biomarker-driven therapy was 1st-line treatment in 11% of our cohort, 2nd-line in 43%, 3rd-line in 25%, etc). Nonetheless, it is interesting to note that in the 1st-line after biomarker analysis, the observed PFS in our study was 129 days (4.3 months), which is comparable to that observed in recent phase III trials in the 2nd-line metastatic setting. For example, in the RAINBOW trial, patients randomized to receive ramucirumab plus paclitaxel had a median PFS of 4.4 months and in the TCOG GI-0801 trial patients randomized to irinotecan plus cisplatin had a median PFS of 3.8 months. Our results are potentially superior to findings from other phase III trials including the AIO study (irinotecan, 2.6 months) and REGARD (ramucirumab, 2.1 months) [24] [25] [26] [27] . The results are also consistent with most retrospective studies conducted in the last 5 years in this setting, where the reported PFS was 3-4 months [28] [29] [30] [31] [32] .
Our study sheds light on several issues related to the implementation of biomarker analysis in routine clinical practice. For example, in patients that received multiple lines of the therapy after the biomarker analysis, the same analysis was used to guide all therapy lines; even though the tumor may have evolved over time, still, biomarker analysis demonstrated clinical benefit. Also, our findings strongly suggest that biomarkerdriven therapy should be used in earlier rather than later lines in the advanced disease setting before PS declines and patients can no longer receive treatment. Indeed, in our study, 24% of patients were not treated after biomarker analysis due to rapidly progressing disease and a decline in PS including four of the five patients who had PS of 3 or 4 before the biomarker analysis (the patient who did receive chemotherapy relapsed and died within days of treatment initiation). Also, we observed instances where the biomarker analysis recommended one drug (e.g., irinotecan), and the physician treated with the recommended therapy, but combined it with additional drugs that were not recommended by the biomarker analysis for that particular patient (e.g., 5-FU was added to irinotecan), probably due to the known effectiveness of the drug combination.
Several barriers may impede the implementation of biomarker-driven analysis in clinical practice. The first is the cost of the test, as well as cost of the drugs recommended by the analysis (if the drugs are not indicated for the cancer type, reimbursement may be a challenge). Another barrier is related to the familiarity/confidence of physicians and patients in the approach, although this seems to be rapidly changing. In some instances, the barrier may be lack of treatment options recommended by the biomarker analysis.
Although there is a body of evidence showing the utility of the biomarker-driven therapy, the approach does have several limitations that should be considered. These include: the potential inclusion of non-tumor cells in the sample (not for IHC and FISH/CISH where tumor cells are easily differentiated, but for microarray/sequencing unless microdissection is performed); effects of the tumor microenvironment or pharmacokinetic effects on drug distribution that are not taken into account by the analysis. In addition, genomic heterogeneity should also be considered. For example, we observed three cases where the original HER2 results and the HER2 results obtained through the biomarker analysis were discordant. In two of these cases, the original testing was on the primary tumor and the second testing was on a metastasis. This observed discordance is consistent with a recent analysis in gastroesophageal adenocarcinoma where sequencing of primary tumors and paired metastatic lesions revealed genomic heterogeneity within primary tumors as well as between the primary tumors and the metastatic lesions [33] . Our study is limited by its retrospective design. Another key limitation is its small sample size that limits our interpretation and does not allow further analysis by clinicopathologic or molecular parameters. Additional limitations reflect its representation of real-life clinical practice. These include non-standardization of progression monitoring, heterogeneity in the testing performed, and heterogeneity in sample source (primary tumor vs. metastases).
The strength of this study stems from its true representation of real-life clinical practice experience across Israel (as it includes major medical centers treating the majority of gastric/esophageal cancer patients in Israel). The study showed that in real-life clinical practice in gastric/esophageal cancer, the biomarkerdriven therapy approach led to significant clinical benefit as defined by Von Hoff and colleagues [6] , and demonstrated that biomarker analysis is a robust tool that along with other approaches could guide treatment decisions in cancer patients.
Conclusions
This study shows in real-life clinical practice that implementing biomarker-driven therapy is feasible and provides clinical benefit (PFS ratio of ≥1.3) to close to a third of patients with metastatic gastric/esophageal cancer. Prospective studies are warranted.
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